By means of benchmarking reduced gravity experiments, we have verified the measured viscosity of binary Zr-Ni glass forming liquids utilizing the oscillating drop technique combined with ground-based electrostatic levitation (ESL). Reliable viscosity data can be obtained as long as internal viscous damping of a single oscillation mode of a levitated drop dominates external perturbations. This can be verified by the absence of a sample mass dependence of the results. Hence, ESL is an excellent tool for studying the viscosity of metallic glass forming melts in the range of about 10-250 mPa s, with sample masses below 100 mg. To this end, we show that, for binary Zr-Ni melts, the viscosity is qualitatively controlled by the packing density. Published by AIP Publishing.
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Viscosity is an important melt property. On the microscopic scale, it represents the slow decay of stress fluctuations and reflects the collective mobility of the atoms. 1 Hence, it plays an important role in solidification phenomena such as glass formation and crystallization. For macroscopic applications, it is an essential process parameter for, e.g., casting and thermoplastic forming. In the case of metallic glasses, viscosity is of particular interest, since it not only contributes to developing better glass formers but also to fabrication of nanostructures with extraordinary properties. 2 Despite its importance, the determination of liquid viscosity, especially for metallic melts, is not a trivial task. Conventionally, this is done via shearing liquids in crucibles. The applicability of these techniques is limited mainly to chemically inert liquids. For metallic melts, these measurements become increasingly unreliable due to high melting temperatures and chemical reactivities of the melts, as reactions between the liquid and the container could alter the results.
One possibility to overcome these obstacles and handle such materials is the use of containerless processing techniques such as levitation. This also allows for investigations of supercooled liquids, which are an essential precursor to glass formation, since heterogeneous nucleation sites are absent. A technique to measure the viscosity on a levitated liquid droplet is the so called oscillating drop method (ODM). 3, 4 However, as shown in Fig. 1 , for a bulk metallic glass (BMG) former Zr 41.2 Ti 13.8 Cu 12.5 Ni 10 Be 22.5 (Vit1), the reported viscosity, 5-7 using different techniques, exhibits large scattering up to an order of magnitude. Although the difference between container-based rotating cup and containerfree electrostatic levitation (ESL) methods can be interpreted as an effect of sample-crucible interactions, there is still a discrepancy of $30%-50% in the measured viscosity using the ESL technique.
The main reason for this deviation is that the viscosity derived from the ODM involves idealized assumptions and is sensitive to experimental conditions. The aim of the present article is, hence, to investigate whether and under which experimental conditions the ODM provides reliable viscosity data, especially in combination with ESL, since it recently has been widely used [7] [8] [9] [10] and is probably the most advanced and suitable method for such measurements.
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In an ODM measurement, surface oscillations are first excited, then after switching off the excitation, the damping time s of the oscillation amplitude is determined. An example is shown in Fig. 2 . To obtain s, the time dependent oscillation amplitude is fitted by
with r 0 the radius of the unperturbed sample, A the initial oscillating amplitude, x the frequency of the oscillation, and u the phase shift. The mathematical basis for the relation between the oscillating drop and the viscosity has already been laid down by Rayleigh 12 and Lamb. 13 As a necessary prerequisite, it is assumed that the liquid droplet is perfectly Electronic mail: pascal.heintzmann@dlr.de spherical, suspended force free, and the damping is solely due to internal friction in the liquid under laminar flow conditions. For commonly applied techniques to levitate metallic melts, such as ground-based electromagnetic levitation (EML) 14, 15 and ESL, 16, 17 these conditions are never fulfilled. The gravitational force is always present and the sample has to be levitated against this with a levitation force. In addition, there are levitation technique-specific limitations.
ESL utilizes electrostatic fields to levitate charged samples. Although the levitation field does not induce turbulence, such that internal flow can be considered as laminar, 11 the presence of charge on the sample surface introduces additional forces on the sample. Furthermore, the sample position needs to be controlled actively, which may lead to additional disturbances during a measurement. In EML, forces are generated as a result of induced currents in electrically conducting samples. Accordingly, the samples are not electrically charged. However, in ground-based experiments, the EML field is so strong that surface deformations and turbulent flow are introduced, rendering viscosity measurements impossible. Only under reduced gravity (r-g), where positioning fields are orders of magnitude smaller, the forcefree conditions can be regarded as being almost fulfilled. Therefore, we have performed benchmark experiments under r-g during parabolic flights in the TEMPUS 18 EML facility to verify our ESL results.
We chose the binary Zr-Ni glass forming alloy system complementing available viscosity, 9 structure factor, 19, 20 and self-diffusion measurements, 21, 22 as well as mode coupling theory calculations 23 and molecular dynamics simulations. 24 As a base composition for several excellent Zr-based BMGs, 25, 26 it has evolved as a model system for studying complex multicomponent glass forming melts, exhibiting very similar liquid dynamics to these BMGs. 9, 17, 27 Moreover, the liquid density reported by Ohsaka et al. 8 shows an extraordinary composition dependence, where the intermetallic composition Zr 2 Ni seems to have a particularly high density.
Sample mass (m s ) dependence was considered as a source of a systematic error of the oscillating drop technique.
9,28, 29 We therefore varied m s over a factor of 10 from 20 mg up to 300 mg in ESL, in order to analyze possible influences of the experimental setup (i.e., the electrostatic force) on the resulting viscosity. With the TEMPUS facility, m s was further increased by another order of magnitude in comparison with the ESL measurements up to $1200 mg. All Zr-Ni samples were weighed out separately from pure Zr (99.97%, smart-elements) and Ni (99.999%, Alfa-Aesar) to the desired composition with a precision of 0.1 at. %. Subsequently, they were prepared by arc-melting under a Ti-gettered pure Ar (99.9999%) atmosphere.
For the ESL measurements, we used two experimental setups: one for m s ¼ (20-90) mg as described by Meister 30 and one for m s > 90 mg as described by Kordel et al. 17 The main difference between the two setups is the maximum available levitation voltage. Samples were heated by two lasers in order to reduce sample temperature gradients. The sample temperature T s was measured via single-color pyrometry and calibrated to the respective liquidus temperature T l reported in literature, 31 assuming a temperature-independent liquid emissivity. The overall measurement uncertainty of T s is about 610 K, taking into account the uncertainty of the emissivity and of the liquidus temperature. The damping of the samples' oscillations after switching off the excitation was recorded with a high speed camera. A detailed description of the experimental setup is given in Ref. 9 Under the assumption of a force-free, spherical droplet the viscosity g of the droplet can be derived according to 13 g ¼ qr
with q the liquid density, r 0 the sample radius, l the oscillation mode, and using s determined by the fit from Eq. (1).
In our experiments, only the l ¼ 2 oscillation mode was excited. This was verified by analyzing the Fourier transformed oscillation spectra, showing a single peak at the eigenfrequency of the sample, e.g., in the inset of Fig. 2 at around $105 Hz. Our TEMPUS experiments were conducted under a He atmosphere of 200 mbar using a 1240 mg sample. The impact of the medium on the viscosity measurement is negligibly small. Within a r-g time of 18-20 s, the viscosity is measured in a similar way as described for the ESL facility, except that heating and positioning is realized with a coil system. 32 The decay of the oscillation is recorded not only with a camera system (video) but also by a "Sample Coupling Electronics" (SCE) via a electromagnetic coupling mechanism. 33, 34 Viscosity was then derived as described above.
To calculate the melt viscosity using Eq. (2), the density of the melt is required as an input parameter. We hence measured the liquid density of all studied Zr-Ni compositions in the above mentioned ESL setup 30 with a shadow imaging technique. 9, 14 The volume of the sample was then calculated from the projected shadow area assuming an axial symmetry. Since the sample mass is known, density can be derived with an accuracy of Dq/q 0.01. Fig. 3 shows our results for different Zr-Ni compositions, compared with data from Ohsaka et al. 8 In contrast to Ohsaka's results, where Zr 2 Ni exhibits a much higher density than the neighboring compositions, our measurements show a monotonic decrease of the liquid density with 9 This demonstrates the good reproducibility of these measurements. The results obtained under r-g agree with the described 1 g ESL data within error bars, independent of the data acquisition method (video analysis Dg ¼ 15% and SCE Dg ¼ 20%). Viscosity data obtained in ESL using higher sample masses deviate from the described results (see Fig. 4 ). For m s ¼ 160 mg, the viscosity is lower compared to that obtained from smaller samples at T տ 1280 K. Disagreements can also be found between the data obtained from m s ¼ 300 mg and from m s ¼ 20-86 mg. However, the results of the 300 mg sample exhibit larger values than that of the smaller samples at T տ 1200 K. In both cases, the deviation increases with increasing T, whereas above g % 80 mPa s and below T % 1120 K all viscosity measurements show good agreement.
To understand the differing behavior of the viscosity curves for high m s (!160 mg) at high T (տ1200 K), it is vital to analyze the decay curves of the oscillating amplitude. In the case of an undisturbed decay, a single frequency in the Fourier transformed spectrum is observed. For the m s ¼ 160 mg sample, a superposition of the main oscillation frequency (approx. 90 Hz) with a further oscillation of low frequency is visible in the decay curve between 450 ms and 1000 ms, as shown in Fig. 4 . This additional oscillation is also noticeable in the Fourier transform at low frequencies of a few Hz (0-5 Hz). An explanation for this is a periodic perturbation during the decay of the oscillation, possibly due to the vibration of the levitation facility and/or the sample, which introduced additional excitations during the decay. This leads to a larger decay constant s, and hence, to an underestimation of the viscosity. For even higher sample masses (m s ¼ 300 mg), more pronounced beats can be observed in the oscillation amplitudes, leading to a splitting of the oscillation frequency (approx. 64 Hz). Typically, this indicates additional oscillation modes caused by, e.g., sample rotation. Hence, the damping of the oscillation amplitude cannot be attributed to a single oscillation mode, which explains a faster decay and an overestimation of the viscosity.
For viscosity values obtained under conditions of a single damping mode without external perturbation, no sample mass dependence can be observed for the range below 100 mg for ESL and more than 1200 mg in the TEMPUS facility, i.e., more than an order of magnitude. For small samples levitated in ESL, the positioning forces against perturbation, especially along the direction of gravity, are sufficiently small compared to the sample surface tension, so that no additional oscillation is induced. Hence, it can be assumed that, as long as the damping of a single oscillation mode dominates external perturbations, the measurements are not prone to the experimental conditions, and reliable viscosity data can be obtained. This is further confirmed by the fact that for a liquid viscosity higher than 80 mPa s all measurement results converge and by the good agreement on the viscosity of Zr 50 Ni 50 between our data and those from Ref. 8 . On the other hand, the comparable temperature dependence of Ohsaka's Zr 64 Ni 36 data to our results of the 160 mg sample indicates possible measurement disturbances in the low viscosity (Շ10 mPa s) regime.
Based on the verification of the viscosity measurements in ESL by r-g experiments, we further investigated the composition dependence of the viscosity of the binary Zr-Ni system. Fig. 5 shows the viscosity data for Zr 36 Ni 64 , Zr 50 Ni 50 and Zr 64 Ni 36 obtained using ESL. The temperature dependence of the viscosity can well be described by a VFT equation, 64 by a factor $1.3 and $1.6, respectively. This behavior can be understood by an increase of the molar volume (see Fig. 5 inset) and hence a decrease of the packing fraction of the melt. Note that for the packing fraction, derived from the macroscopic density of the melt, a statistical random distribution of atoms is assumed, while Zr-Ni melts are known to exhibit pronounced chemical short range order. 19, 20 However, unlike the ternary Zr-(Co,Ni)-Al melts, 35 here an average molar volume (packing fraction) can still capture the composition dependence of the liquid viscosity qualitatively.
In conclusion, we have measured the viscosity of the binary Zr-Ni system by oscillating drop techniques, using both ESL and the TEMPUS EML reduced gravity (r-g) facility. Our findings show that reliable viscosity data can only be obtained when a single oscillation mode dominates viscous damping. For ground based ESL, these conditions can be found for sample masses below 100 mg and a viscosity range of 10-250 mPa s. Using EML under r-g conditions, the same holds for masses up to $1 g. Besides the rare r-g opportunities, ESL enables systematic studies of the viscosity of chemically reactive metallic glass forming melts, which typically lies in the range of tens to hundreds of mPa s, at temperatures from above their liquidus down to the undercooled regime. We have shown that for the binary Zr-Ni system atomic packing qualitatively controls the viscosity. Combined with low temperature viscosity data, this allows to investigate the kinetic contribution to the glass formation 35 and related interesting phenomena, such as strong-fragile transitions. 
